. A controversy exists as to the importance of the portal vein insulin concentration in switching the liver from net glucose production to net glucose uptake after carbohydrate ingestion or glucose infusion. Several investigators, most notably Madison (19) and Felig and Wahren, (12) have taken the view that insulin is the primary signal for hepatic glucose uptake after feeding. They have based their opinions on demonstrations of the direct efFect of insulin in diminishing glucose production in the porta caval shunt dog preparation (20) as well as on measurements using isotope-dilution techniques which show diminished glucose production in the unanesthetized dog after insulin administration (32). They have also cited the inability of the diabetic liver to take up more glucose than it produces except at extremely elevated portal glucose concentrations (2 I, 37). We, along with others (7, 29) , have recently questioned whether insulin plays the dominant role in regulating hepatic glucose uptake during glucose loading. Recent studies in our laboratory have led us to adopt the classical view of Soskin et al. (31) that glucose, rather than insulin, is the major stimulus to hepatic glucose uptake during the intravenous infusion of glucose. Using the isolated canine liver preparation, cross-perfused with blood, we were able to investigate effects of elevating the portal vein glucose concentration without changing the portal vein insulin level. We found the net hepatic glucose balance to be extremely sensitive to glucose levels in portal vein plasma. Raising the portal plasma gIucose concentration from 100 mg/ 100 ml to values above 137 mg/lOO ml switched the liver from net glucose production to net uptake, and the uptake increased in proportion to the glucose load, in the absence of changes.
in portal vein insulin levels. Glucose uptake increased an average of 2.1 mg/min for every 10 mg/min increase in glucose flux through the liver (7). Although glucose itself may be a major stimulus to the change in hepatic glucose balance observed during glucose infusion, the question remains open whether insulin has a quantitatively significant role in the uptake process. 1n these studies, we have examined the eflects of insulin on glucose balance across the isolated perfused canine liver and have found that insulin, at concentrations in the physiological range, modulates the effect of glucose on the liver.
METHODS
The techniques used in these studies were previously described in detail (7), and we will therefore summarize them only briefly.
Seventeen perfusion experiments were performed (Table   1 ). (2, 7, 34) . To assure that the composition of the incoming blood from the source dog is unaffected by the performance of the pilot liver, the pilot livers are small and the source dogs are large* We have demonstrated that if the weight ratio (source doe/pilot liver donor dog) is 10 or greater, increments in the poptal vein plasma glucose concentration of the pilot liver as large as 2 10 mg/ 100 ml have little or no effect on the glucose concentration of the systemic blood of the source dog (7). In the experiments reported here the weight ratios varied from 9.5 to 20.4 with a mean of 14.3 (Table 1) .
Animals
Source dogs were adult mongrels of either sex. Liver donors were pure-bred beagle puppies, male or female, obtained from Marshall Laboratories, North Rose, N.Y. The animals were offered a fixed amount of food once per day and given ample time to eat it. The source dogs ate Purina dog chow and the puppies ate Purina puppy chow. All dogs were kept in cages lighted from 6 A.M. to 6 P.M. and were allowed water ad libitum.
Only animals which seemed to be in good health and were eating well were used for experiments. Food (but not water) was removed at 3 P.M. the day Three distinct types of experiments were performed. In all types sampling was begun 1 h after the liver was placed in the bath. Control samples for the determination of net hepatic glucose balance (NHGB) were collected every 5 min for 30 min. In the first type of experiment (exfiek&s 47-51) the control period was followed by an infusion of insulin sufficient to raise the portal plasma insulin level by 200 or 500 pU/ml, and sampling was continued every 5 min for 2 h. The infusion was then shut off, and sampling was continued for 30 min more. In the second type of experiment (experiments 3540) following the 30-min control period an infusion of glucose plus insulin was begun into the portal vein, and rapid blood sampling was started. Samples were collected every minute for 5 min, then every 2.5 min for 55 min, and finally every 5 min until 30 min later. The infusion was ended at 2.5 h. In the third type of experiment (experiments 53-58), the sampling schedule was identical to that of experiments 35-40. The insulin infusion, however, was started immediately after the liver was placed in the bath, 1 h before the beginning of control sampling. At the end of all experiments, glucagon at a concentration of 1 rig/ml was infused for 10 min, and one final NHGB determination was scheduled at the end of the glucagon infusion.
Calculations

NEXX.
Net hepatic glucose balance with the dimensions of milligrams times minute-l per 100 g liver is defined as follows :
where F represents total blood flow rate (ml/min), G is whole-blood glucose concentration (mg/ml), PV, HA, and HV are hepatic vein, hepatic artery, and portal vein, respectively, and INF represents the rate of infusion of glucose into the portal vein in milligrams per minute. It should be noted that NHGB is defined as in our previous publication (7), except that the sign is reversed; i.e., uptake positive, production negative. In this system, any single calcuIation of NHGB has a measurement error (expressed as SD) of 4.0 1 mg l min+/lOO g liver (2). Therefore, two NHGB determinations separated by a net difference of 8 mg v mir+/lOO g liver cannot be explained by measurement error alone (P < .05).
G PV total-When glucose is infused into the portal vein, it increases the prevailing portal vein glucose concentration, GPV, to result in the final portal vein glucose concentration G PV total:
in which Gs is the concentration of glucose in the infusion solution (mg/ml), f is the infusate flow rate (ml/min), h is the hematocrit, and G pv and FpTr are defined as before. In accord with the slow rate of entry of glucose into canine erythrocytes (38), preliminary experiments have demonstrated that the infused glucose does not enter red cells to any appreciable extent during the transit of blood through the liver.
I Pv . The increment in insulin in the portal vein, Ipv (pU/ml), was calculated according to equation 3:
in which Is is the concentration of insulin in the infusate wJ/ml> l Materials Anesthetics. The liver donors were anesthetized with one intraperitoneal injection (39 mg/kg) of sodium pentobarbital (Abbott Laboratories, North Chicago). The source dogs were injected intravenously with sodium pentothal (2.5 % solution, Abbott Laboratories), and pentothal was continuously infused at a lower concentration (0.2 %). Heparin (Abbott Lahrntm-ks).
Large initial doses of heparin were administered to both dogs before cross-perfusion was begun (liver donor: 5,000 U iv; source dog: 25,000 U iv), and a supplementary dose of 5,000 U was injected intravenously into the source dog every hour. 1nsuZZn* Glucagon-free insulin (Eli Lilly and Company, Indianapolis, lot PJ 4609) was dissolved at acid pH (1 mg/ml), buffered to pH 7.4, rediluted in saline, and infused into the portal vein when appropriate.
Glucose. Dextrose (50 %) was diluted in saline and infused into the portal vein. were preserved for assay as previously described Significance of the differences between means was evaluated by the Student d test. Slopes were compared by evaluating the difference between slopes relative to the standard error of the difference, which is known to have a Student t distribution.
RESULTS
The results from all 17 perfusion experiments are shown in Table 1 . The value for hepatic blood flow is similar to the value of 1.2 1 mg l min+/g tissue reported by Shoemaker (28, 29) for the dog liver in vivo. (Liver weight assumed to be 3.9 % of body weight (24).)
Effect uf hsulin on HqWic Response to Ghcose
We have previously reported the dynamic changes in net glucose balance across the perfused liver which occur in response to step-wise increases in the portal vein plasma glucose concentration (7). For reference, these data are reproduced in Fig. IA . During the initial period of observation, O-30 min, the livers were producing glucose at an average rate of 4.7 mg + min-l/l00 g. Increasing the portal vein glucose concentration by 140 mg/lOO ml switched the liver to net glucose uptake, which reached a maximum value of 27 mg l min+/ 100 g within 2 min and decreased to a steady value of uptake by 10 min, which was then maintained until the infusion was terminated at 150 min. The average value of NHGB was 10.3 & 1.6 (SE) mg l mirP/lOO g during the last hour of the glucose infusion. In a series of six perfusion experiments we investigated whether insulin had any effect on the response of the liver to glucose. In the experiments plotted in Fig. lB control period and the 2nd h of infusion with the uptake of those livers represented in Fig. 1A ( Table 2) . Neither the control nor the steady-state values for -NHGB were significantly different. One reason the average steady-state uptake by the group of livers given insulin appeared to be lower was that the insulin group had a higher control production rate. The net change in NHGB was slightly greater for the livers to which insulin was given, but there was no significant difference (P > .O.OS). Shown in the lower panels of Fig. 1, A and B , are the concentrations of glucose and insulin in the portal blood of the perfused livers, upstream from the site of infusion. Figure 1B shows that in the second group of livers the glucose level in the portal blood (GpV) rose slightly, from 96 to 105 mg/ 100 during the glucose infusion, and the portal plasma insulin rose significantly, from a preinfusion value of 10 to 55 pU/ml at 90 min. In the experiments in which only glucose wds infused, neither GPV nor IPV changed significantly.
Effect of Insulin Alone on NHGB
In four experiments, insulin was infused into the portal vein of the liver for 120 min at a rate calculated to raise Ipv by 500 &J/ml (Fig. 2, Table 3 ). During the 30-min control period and for the first 30 min of the infusion the livers produced glucose-During the Z-h insulin infusion, production declined. first period (31-60 min) after the infusion was begun, the glucose production with and without insulin was the same. During the final period, from 152 to 180 min, an apparent fall in the mean value of glucose production was observed, but there was no significant change in the value of NHGB between the first and final periods (to = 1.53, df = 8, .05 < P < 0.1). The number of experiments in the insulin group was small, and the measurement error incurred in determining NHGB was large (SD of measurement = 120.3 mg l 30 mir+/lOO g (2)). The failure of NHGB to change during insulin infusion takes on added significance when the time course of the perfusate glucose concentration is considered (Fig. 2 , lower panel, and Table 3 ). It is clear from the data that the rate of insulin infusion into the perfused livers was great enough to lower the systemic blood glucose concentration of the source dogs, and therefore lower significantly the levels of GPV for those livers given insulin. Thus, the rate of insulin infusion was large enough that the assumption that the cross-perfusion technique allowed "open-loop testing" of the liver did not hold. During the insulin infusions, the average source dog systemic venous glucose concentration (GpV) fell very significantly (t, = 5.09, df = 3, P < -01) during the final observation period (Table 3 ). This fall in the blood glucose concentration should have been reflected in an increase in glucose output from the perfused liver, either because of a direct effect of the lowered glucose concentration on the livers (14) or because of an increase in the concentrations of studies (7) and in the experiments discussed above, the livers invariably produced glucose during the 0-to 30-min control -period. In the 13 perfusion experiments listed in Table 2 , oz w > t -20 and drawn in Fig. 1 , the total glucose production during the 1 k 30-min control period averaged 178 & 3 I mg -30 mir+/lOO 3 g. In the experiments shown in Fig. 4 , the control NHGB wasnotdifferentfrom 0 (to = 1.16, df = 5, P > 0.1). The average glucose production rate for the livers preinfused with insulin was significantly lower than the net glucose production previously seen (t, = 3.47, df = 17, P < .005 insulin preinfusion to +O. 12 with insulin preinfusion is highly significant (P < .Ol) and reflects the much increased sensitivity of the liver to glucose when preinfused with insulin (IpV = 200 pU/ml).
Figure 5 also predicts that insulin preinfusion, besides increasing the change in NHGB for a given change in GPV total> will lower the glucose conglucose autoregulation alone. From the slope of the solid line in Fig. 5 , it is possible to estimate the effect that insulin preinfusion has on the percent compensation of NHGB to an increment in G pv: assuming the total hepatic blood flow of a 100-g liver to be 108 mg/min (Table  l) , and a portal flow to be 64 % of total blood flow (7), a lOO-mg/ 100 ml increment in G pi represents an increase in glucose flux into a 100-g liver of (0.64 X 108 X (1 -0.4)) X (I mg/ml) = 41.5 mg /min. From the slope of the solid line in Fig. 5 , ANHGB,'AGpV = 0.122 or 12.2 mg~min+/lOO g for a 1 OO-mg/ 100 ml increment.
Thus, with insulin preinfusion, the percent compensation of the liver for an increase in the portal vein glucose concentration was 12.2/41.5 = 29 %.
centration at which the liver switches from net glucose production to net glucose uptake. Without insulin, the zeroDISCUsSXoN balance concentration is 137 mg/IOO ml; with insulin preThese studies have shown that insulin has demonstrable infusion it is lowered to 107 mg/ 100 ml.
effects on basal glucose production by the liver of fasted In a previous report (7) we calculated from the slope of dogs. The results of our experiments confirm the inhibitory the dashed line reproduced in Fig. 5 that during one pass of effect of insulin on the glucose output of livers from fasted blood the liver compensated 21 % for an increase in GPV, by animals. The effect occurred only slowly, and we found no evidence that insulin might cause a rapid shift from net glucose production to net glucose uptake similar to the rapid switch in glucose balance provoked by glucose itself (7).
In these studies, besides confirming the effect of insulin alone on the liver, we were able to define the dynamic interactions between glucose and insulin as they affect net hepatic glucose balance. When glucose and insulin were administered together at the same time (Fig. IB, Table Z ), the magnitude and the temporal patterns of changes in NHGB were the same as observed when glucose was given alone. However, when the liver was preinfused with insulin for 2 h before the increase in the portal vein glucose concentration, the liver proved to be considerably more sensitive to the glucose increment.
For example (Fig. 5) , with a portal vein glucose concentration of 200 mg/lOO ml, with no insulin, net glucose uptake was 5.5 mg l min+/100 g liver, whereas with insulin preinfusion uptake was 11.4 mg l min+/lOO g. Table  4 and a comparison of the slones of the lines in Fig. 5 show that the increased uptake was not simply due to the insulininduced diminution in hepatic glucose production, but was an independent effect of the infused hormone. As a result of the two effects of insulin on the liver, the glucose concentration at which NHGB = 0 (uptake = production) decreased, a change which was predicted some years ago by Leonards et al. (18) .
It has been difficult to define the role of insulin in regulating hepatic carbohydrate metabolism from studies of perfused livers (15, 23, 25, 26) . I mmediately following surgical extirpation of the rat liver for perfusion, a period of abnormally high gIucose output has frequently been observed (8), and insulin has been shown to diminish the excessive glycogenolysis seen (9). Recently, however, it has been determined that the elevated glucose output is related to abnormally low red cell content of the perfusing fluids, and when rat livers have been perfused with media composed of 90 % blood, glucose production has been low (26) or 0 (25). With a 90 % blood perfusate, insulin was observed to have no effect on hepatic glucose output (25). Also, in studies in perfused rat liver it has not been possible to demonstrate enhancement of glucose uptake by insulin when the inflow glucose concentration was elevated (I 5,25) . In these studies, we were able to demonstrate for the first time in a perfused liver system both insulin-induced depression of fasting glucose production (in a liver perfused with whole blood) and augmentation of glucose uptake during ' glucose loading by insulin. These results, while contrary to the findings of others using perfused rat liver (25) (22)) to synthetase I in the absence of elevated levels of insulin ( 1 I ) 4
The slow effect of insulin alone in diminishing hepatic gIucose production is probably due to insulin-mediated diminution in glycogenolysis and gluconeogenesis, possibly because of lowered intracellular cyclic 3', 5'-AMP (39).
INSULIN AND GLUCOSE BALANCE
The slow onset of this effect indicates that it may be at the level of de novo synthesis of ribonucleic acid. Similarly, the effect of insulin in augmenting the effect of glucose on glucose uptake may involve protein synthesis. Whereas insulin could increase the synthesis of glycogen synthetase, the effect is not seen without the glucose-induced conversion of synthetase D to synthetase I The time course of the insulin effect seen in our experiments is slower than the 7-to 13-min conversion of synthetase D to synthetase I reported by Bishop et al. (4) , but it is similar to the time course reported by Steiner and King (33) for the de novo synthesis of the liver synthetase enzyme.
The reasons for the difference between the function of the cross-perfused dog liver used in these experiments and the isolated, buffer-perfused rat liver preparation are not known. It is possible, however, that the presence of hepatic arterial inflow or perfusion with whole blood oxygenated by the lungs of the source animal may prevent the anoxia which has been observed with the rat liver (9). Mondon and Burton (25) and Mortimore (26j have suggested that the failure of the rat liver to simulate the function of the liver in vivo may be due to the lack of autonomic innervation of the perfused organ The fact that our perfused dog livers do, in fact, function in a manner similar to the dog iiver in vivo supports the notion that intact autonomic innervation is not necessary for the liver to demonstrate net glucose uptake and insulin sensitivity.
Recently, several investigators have offered the suggestion, based on in vivo evidence, that insulin is the primary signal for glucose uptake during glucose infusion (12, 19) . Evidence for insulin's primary role is as follows: I) insulin has been repeatedly demonstrated to diminish the rate of hepatic glucose production (as measured by isotope dilution and by direct measures of NHGB), provided the portal blood glucose concentration is maintained (32); 2) the liver of diabetic human beings (37) and dogs (21) fails to switch to net glucose uptake, despite a greatly elevated portal glucose concentration.
As we have previously discussed (7),
